that a safe range of boron intake for adult human beings could well be 1-13 mg per day 4 . Thus, the control of boron levels in samples that related with animal and human nutrition is very important.
The optical methods for determining boron are atomic absorption spectrometry (AAS) [5] [6] [7] [8] , inductively coupled plasma-atomic emission spectrometry (ICP-AES) [9] [10] [11] [12] [13] , fluorimetry 14, 15 , and spectrophotometry [16] [17] [18] [19] [20] [21] [22] [23] . Spectrophtometric determination of boron with curcumin as complexing agent, because of simplicity and high sensitivity is widely used for routine analysis. But the interference of water in the reaction between boron and curcumin is a serious problem and it is necessary to removal of water from samples. To overcoming this problem, boron has to be selectively separated from the matrix either by solvent extraction with diols (such as 2-ethyl hexane 1,3-diol (EHD) 24 or by isothermal distillation of borate ester 17 . Therefore, sample preparation for the determination of trace amounts of boron using these methods will be time consuming and tedious.
In recent years there has been a growing need or desire for constructing chemical sensors for fast and economical monitoring of environmental samples. In this connection, optical chemical sensors (optodes) are those of the advanced techniques in analytical chemistry and they have been accepted as advantageous because they can be miniaturized and can be manufactured at low cost [25] [26] [27] . The immobilization of sensing reagents onto membranes is an important step in the preparation of optical chemical sensors for practical applications. The indicator dyes can be physically or chemically immobilized on the support matrixes. Immoblization through adsorbed can be done easily, but the reagents tend to leach from the supporting matrixes. Chemical immobilization by covalent binding of reagents on supported matrixes is the most efficient technique for obtaining optical chemical sensors, having well reproducible response and long lifetime 28 . Various polymeric membranes have been used as a supporting matrix for preparation of optodes. The rapid response results from the porous structure of the polymeric support, which minimizes barriers to mass transport between the analyst and immobilized indicator. The hydrolyzed cellulose film is an example of these polymeric membranes which could be used for the preparation of optical sensors [29] [30] [31] [32] [33] .
In this paper, the design of an optode for determination of low levels of boron is described in which the sensing reagent is neutral red immobilized on triacetylcellulose membrane. Also a simple method is presented for immobilizing reagent on membrane. The reaction take place within few minutes and a color change occurs from yellow to red, which is spectroscopically detected in the absorbance mode. To the best of our knowledge, no attempt has been made up to now to assay boron using optical sensors.
EXPERIMENTAL

Apparatus
A Hitachi model 3310 UV-Vis spectrophotometer was used for recording the visible spectra and absorbance measurements. The sensing membrane was placed and fixed in a disposable cuvette and all measurements were performed in a batch mode. with 1-cm quartz cells was used for recording absorbance spectra. Measurements of pH were made with a metrohm 691 pH-meter using a combined glass electrode. All experiments were performed at 25 °C
Materials and reagents
All reagents were of the best available analytical reagent grade. All solutions were prepared in polypropylene volumetric flask. The neutral red reagent and ethylenediamine were supplied from Merck. A stock solution of 1000 µg.ml -1 of boron was prepared by dissolving 0.5636 g boric acid (Merck) in water and diluting to 100 ml in a volumetric flask. Working standard solutions of lower concentration were prepared by prepared by suitable dilutions of the stock solution with water. A 1.0 M mannitol solution was prepared by dissolving 4.550 g mannitol (Merck) in water and diluting to 25 ml in a volumetric flask.
Analytical procedure for the determination of boron in water samples
An aliquot of the solution containing 10-200 µg of boron and 1.0 ml of 1.0 M mannitol were added to 10 ml volumetric flask and diluted to mark water. A few ml of this solution was transferred to spectrophotometer cell which optical membrane was mounted into it. The cell was shaked and after 10 min the absorbance was measured at 540 nm
Preparation of optical sensor
The immobilized indicator on triacetylcellulose was prepared according to the following procedure 31 .
The tansparent triacetylcellulose membranes were produced from waste photographic film tapes that were previously treated with commercial sodium hypochloride for several seconds in order to remove colored gelatinous layers. The films were treated with a clear solution of neutral red (10 mg) in 10 ml ethylenediamine for 5 min at room temperature. Then they were washed with water for removing ethylediamine and loosely trapped indicator. The membranes were finally washed with detergent solutions and water. Prepared membranes were kept under water when not in use.
RESULTS AND DISCUSSION
Spectral characteristics
In aqueous solution and at neutral pH, boric acid complexes mainly with two molecules of mannitol and produces a negatively charged diborate ester and decreasing the pH of the solution according to Scheme 1 32, 33 .
Therefore, pH changes in solution can be monitoring by indicator as an optical sensor. Fig. 1 shows the absorption spectra of immobilized neutral red, which were obtained after being equilibrated in different concentrations of boron. The spectral change is a result of the complex formation of boric acid with mannitol and decreasing the pH of the solution. The spectral characteristic of this sensor showed two maxima at 540 and 457 nm. As can be seen from Fig. 1 the increase in the absorption band at 540 nm is more pronounced in the membrane as the boron concentration increases. Therefore, wavelength of 540 nm was selected for further studies because of high sensitivity at this wavelength.
The effect of mannitol concentration
The effect of mannitol concentration on the complex formation was studied in the range 0.010 to 0.30 M. The results revealed that the response of the optical sensor increased by increasing reagent concentration up to 0.10 M, and remained nearly constant at higher concentrations (Fig. 2) . Therefore, 
Response time
An important analytical feature of any sensor is its response time. The response time is defined as the required for 95% of the total signal change. The response time of the optode was tested by recording the absorbance change from a solution containing mannitol (pH 6.0) to the same solution in the presence of 5.0 µg.ml -1 of boron. The membrane was found to reach 95% of the final signal within 10 min (Fig. 3) .
Life time of the optical sensor
The life time of membrane was determined by adding a solution (pH 4.0) in a cuvette including the film. The signal was recorded at wavelength of 540 nm over a period of about 5h. No significant loss of the indicator occurs during this time. When the membrane was exposed to light, no drift in signal occurred and the optode was stable over the experiment with no leaching of the indicator. However, prepared membranes were kept under water when not in use to prevent them from drying out. Also the stability of response of the film was investigated over 2 month under ambient conditions, which indicated that the film stable over this period.
Regeneration of the optode membrane
A good sensor should fully regenerate at short time. For this purpose, the effect of various alkaline materials was studied as regeneration reagent. The best result was obtained by sodium hydroxide. A solution of 0.01 M of sodium hydroxide provided a short membrane regeneration time of lower than 1 min without any leaching the reagent. The membrane could be regenerated about 20 times and used without any loss of sensitivity.
Reproducibility and reversibility
The reproducibility and the reversibility of the membrane in the determination of boron were evaluated by repeatedly exposing the membrane to a 5.0 µg.ml -1 of boron solution. The repeatability was evaluated by performing seven determinations with the same standard solutions of boron, individually. The relative standard deviation (R.S.D.) for the response of one membrane towards a 5.0 µg.ml -1 of boron solution was 2.75 %. The reproducibility of the response of different membranes was also studied. Seven membranes were prepared from the same batch and they were evaluated by performing the determination of 5.0 µg.ml -1 of boron. The relative standard deviation (R.S.D) for the response of between membranes was 3.21 %. The results show that the reproducibility and reversibility are satisfactory.
Effect of foreign ions
The effects of various species on the determination of 5.0 µg.ml -1 of boron was tested under the optimum conditions. The tolerance limit was defined as the concentration of added species causing less than ±5 relative error. The results are given in Table 1 . Therefore, the results presented in this table show the good selectivity of the procedure.
Analytical figures of merit
Under the optimized experimental conditions for boron determination, the standard calibration curves were constructed by plotting the , where C L , S B , and m are the limit of detection, standard deviation of the blank, and slope of the calibration graph, respectively, was found to be 0.50 µg.ml -1 .
Determination of boron in water samples
Finally, the applicability and reliability of proposed method for the analysis of boron was investigated in water samples. For studying the matrix effect on the determination of boron, the water samples were spiked with boron at variable concentrations and were analyzed according to recommended procedure. The analytical data summarized in Table 2 suggests that good recoveries for boron added to samples are achieved.
CONCLUSION
The optical described in this work is easily prepared and provides a simple and inexpensive means for the determination of boron. The membrane responds to boron by changing color reversibly from yellow to red. The sensor can be regenerated readily with a diluted alkaline solution.
It is reversible and has a long lifetime. The response of the optode was reproducible and the optode presented a good selectivity for boron over other species. The proposed method could be applied to the determination of boron in water samples.
